The most common method for determining the hemoglobin concentration is to draw blood from a patient. However, the Radical-7 Pulse CO-Oximeter (Masimo Corporation, Irvine, CA) can noninvasively provide continuous hemoglobin concentration (SpHb). In our study we compared noninvasive measurements of SpHb with simultaneous laboratory measurements of total hemoglobin in arterial blood samples taken from children (tHb). METHODS: Arterial blood samples were analyzed using a laboratory CO-oximeter, and SpHb was simultaneously recorded in pediatric patients undergoing neurosurgery. When patients met the criteria for hypovolemia, 10 mL/kg of colloids or red blood cells were administered over 10 minutes. SpHb and tHb data were collected before and after intravascular volume resuscitation. The relationship between SpHb and tHb was assessed using a 4-quadrant plot, linear regression, mixed-effect model, and modified Bland-Altman analyses. RESULTS: One hundred nineteen paired samples were analyzed. The correlation coefficient between SpHb and tHb was 0.53 (P < 0.001), whereas that of change in SpHb versus change in tHb was 0.75 (P < 0.001). The average difference (bias) between tHb and SpHb was 0.90 g/dL (95% confidence interval [CI], 0.48-1.32 g/dL) and 1 standard deviation of the difference (sd) was 1.35 g/dL. The concordance rate (a measure of the number of data points that are in 1 of the 2 quadrants of agreement) determined using a 4-quadrant plot was 93%. The correlation coefficient between SpHb and tHb after intravascular volume resuscitation was 0.58 (P < 0.001), whereas that of changes in SpHb and tHb was 0.87 (P < 0.001). The bias immediately after volume resuscitation was 1.18 g/dL (95% CI, 0.81-1.55 g/dL), and sd was 1.28 g/dL with a concordance rate of 94.4%. The bias was −0.03 g/dL when tHb was ≥11 g/dL, which was significantly lower in comparison with biases when tHb <9 g/dL (1.24 g/dL) and tHb was 9-11 g/dL (1.17 g/dL) (P = 0.004). CONCLUSION: The Radical-7 Pulse CO-Oximeter can be useful as a trend monitor in children during surgery even immediately after intravascular volume expanders are administered. However, it is advisable to confirm the baseline hemoglobin level and to consider the influence of tHb level on the bias. In addition, one should be cautious with regard to using SpHb alone when making transfusion decisions.
T he hemoglobin concentration is an important determinant of oxygen delivery to tissues. Physicians usually refer to the hemoglobin concentration when making transfusion decisions. The traditional and most common method to confirm the hemoglobin concentration is a laboratory measurement by drawing blood. Although laboratory measurement is the gold standard for confirmation of hemoglobin concentration, 1, 2 it is time-consuming, invasive, and sometimes impossible. Moreover, the time delay for confirming hemoglobin concentration can lead to deleterious effects in critically ill patients.
The Radical-7 Pulse CO-Oximeter (Masimo Corporation, Irvine, CA) is a newly developed instrument that makes noninvasive and continuous monitoring of hemoglobin concentration (SpHb) possible. 3 However, its accuracy is somewhat controversial. Two previous studies showed relatively good correlations between SpHb and laboratory-measured total hemoglobin concentration (tHb) with an average difference (bias) <0.26 g/dL. 4, 5 In contrast, another study performed in an emergency room identified a bias of 1.80 g/dL, and the authors did not recommend the Masimo instrument as an accurate spot-check device. 6 Children are more vulnerable to hypovolemia and anemia because they have a smaller intravascular volume than adults. Even a small amount of surgical bleeding can lead to a deficit in oxygen delivery and hypotension. Too-frequent sampling of blood can induce iatrogenic anemia in pediatric patients. Furthermore, early detection of bleeding during pediatric surgery may be more difficult than in adults. Therefore, noninvasive and continuous monitoring of hemoglobin might be very useful in pediatric patients. However, data related to the use of this equipment in children are insufficient.
During clinical anesthetic management, acute changes in intravascular volume can occur because of bleeding or fluid administration. Volume resuscitation with colloids or packed red blood cells (RBCs) can result in an acute change in the hemoglobin concentration. However, there are limited data on the accuracy of Radical-7 Pulse CO-Oximeter monitoring during acute changes in hemoglobin associated with intravascular volume resuscitation.
The objective of this study was to assess the accuracy of SpHb in pediatric patients undergoing neurosurgery by comparing SpHb and tHb during surgery. Additionally, we measured the accuracy of SpHb during volume resuscitation.
METHODS
The study was approved by the IRB of Seoul National University Hospital (H-1012-127-346), which adheres to the Declaration of Helsinki. The study protocol was registered at ClinicalTrials.gov (NCT01364116). Written informed consent was obtained before participation from the patient's parents or from the patient's parents and the patient, if the child was older than 8 years of age.
This study was performed in patients who required invasive arterial blood pressure monitoring due to expectations of hemodynamic instability. Children younger than 12 years of age who were diagnosed with a brain tumor, craniosynostosis, or moyamoya disease were included. Children who were older than 12 years of age or who were diagnosed with cardiopulmonary diseases, preoperative infections, or genetic or hematologic diseases were excluded.
A catheter was placed either in the radial artery or the dorsalis pedis artery. SpHb levels were continuously monitored with a Radical-7 Pulse CO-Oximeter (software version 7.6.1.1) and a spectrophotometric adhesive sensor version Rev E (Masimo Rainbow R1 20 for children over 30 kg and R1 20L for those under 30 kg). The sensor was applied on the index finger of the hand that did not have an arterial cannula. The sensor was covered with an impermeable black shield to prevent optical interference.
A blood sample was obtained before incision to measure the baseline tHb, arterial blood gas state, and electrolytes. The appropriate time for additional arterial blood sampling was at the discretion of the attending anesthesiologist. Arterial blood was obtained after confirming that SpHb was unchanged for 30 seconds to ensure the stability of SpHb measurement. The blood samples drawn from the arterial catheter were analyzed using a laboratory CO-oximeter (model ABL820; Rasiometer, Copenhagen, Denmark). Simultaneous recording of SpHb was performed within 10 seconds after the arterial blood sample was drawn.
In addition to the routinely drawn blood samples, additional blood samples were taken to measure tHb when a hypovolemic state was suspected. Hypovolemia was confirmed when all 3 of the following criteria were satisfied: (1) urine output <0.5 mL/kg/h (2) arterial systolic pressure variation >10% during mechanical ventilation at a tidal volume of 8 to 10 mL/kg, with systolic pressure variation (%) calculated as 100 × (SPmax -SPmin)/[(SPmax + SPmin)/2]; and (3) a decrease in arterial blood pressure >10% of the preoperative blood pressure. Colloids or RBCs were administered for 10 minutes when the patient had been in the hypovolemic state. The colloid administration was performed with 10 mL/ kg of 6% hydroxyethel starch 130/0.4 (Voluven; Fresenius Kabi, Bad Homburg, Germany) if the previous tHb level was higher than 8 g/dL (9 g/dL in patients with moyamoya disease). Packed RBCs (10 mL/kg) were administered if the previous tHb level was lower than 8 g/dL (9 g/dL in patients with moyamoya disease). Another set of blood samples and SpHb level recordings were obtained within 5 minutes after completion of fluid or RBC administration.
Statistical Analysis
All paired data (SpHb-tHb) and the change in SpHb (ΔSpHb) and tHb (ΔtHb) between 2 consecutive measurements were analyzed. The SpHb measurements recorded when the perfusion index (PI) was <1.0 was excluded from the analysis because low PI influences the accuracy of the Radical-7 Pulse CO-Oximeter. A modified Bland-Altman method with a consideration of multiple measurements per individual was used to assess the accuracy of SpHb. We calculated the average difference (bias) and 1 standard deviation (SD) of the difference between paired measurements of SpHb and tHb. The 95% limits of agreement were presented by calculating the interval defined by the observed bias ±1.96 SD. The correlation coefficient between SpHb and tHb with repeated observations on each patient was estimated by using a mixed-effects model. 7, 8 Trend analysis was performed using the 4-quadrant plot technique. A central exclusion zone of 1 g/dL was applied. 9 The influence of volume resuscitation on the bias and SD was analyzed using a t test and F test. The Shapiro-Wilk analysis was performed to confirm the normality. The relationship between bias and tHb was analyzed with generalized estimating equations (GEE) for different hemoglobin ranges (tHb <9 g/dL, 9 ≤ tHb <11 g/dL, tHb ≥11 g/dL). Data are presented as the mean ± sd [range]. SPSS statistics 17.0 (SPSS Inc., Chicago, IL) was used for data analysis, and P < 0.05 was considered significant.
RESULTS
One hundred thirty paired measurements of hemoglobin from the SpHb monitor and the laboratory analyzer were collected from 40 patients. Patient characteristics are summarized in Table 1 . There were no adverse events or complications during the study. Eleven SpHb measurements (8.5%) were recorded when PI < 1.0 and were not included in the analysis. The average PI for the remaining measurements was 4.9% ± 2.5% [1.1% to 11%] (mean ± sd range).
There were 87 instances (73.1%) when the absolute difference between SpHb and tHb was <1.5 g/dL ( Table 2 ). The Bland-Altman plot in Figure 1A shows the relationship between 2 parameters by displaying the difference of the paired data in y-axis and their mean value in x-axis. The overall correlation coefficient, bias, and limits of agreement between SpHb and tHb are presented in Table 3 . Figure 1B is a 4-quadrant plot of ΔSpHb and ΔtHb. It shows that 93% (53 out of 57) of the data pairs outside of the central exclusion zone are within the zones corresponding to correct directionality. The correlation coefficient between paired measurements of ΔSpHb and ΔtHb was 0.75 (P < 0.001, 95% confidence interval CI, 0.50-0.86).
The correlation coefficient, bias, and limit of agreement between SpHb and tHb immediately after volume resuscitation are presented in Figure 2A and Table 3 . Additional data for subgroups divided by the type of the administered fluid for volume resuscitation are in Table 3 . Figure 2B shows ΔSpHb and ΔtHb after acute volume resuscitation using either colloids or packed RBCs. The concordance rate using a 4-quadrant plot was 94.4% (34 out of 36). The correlation coefficient between paired measurements of ΔSpHb and ΔtHb after volume resuscitation was 0.87 (P < 0.001, 95% CI, 0.84-0.92).
The bias was influenced by tHb concentration (Table 4 ). Bias = average difference of SpHb and tHb; sd = 1 standard deviation of the difference of SpHb and tHb; CI = confidence interval. *P =0.004 in comparison with "tHb < 9 g/dL" and "9 ≤ tHb < 11 g/dL."
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DISCUSSION
We compared noninvasive measurements of hemoglobin concentration (Radical-7 Pulse CO-Oximeter) and invasive measurements of hemoglobin concentration (laboratory CO-oximeter). The overall correlation coefficient in our pediatric study was 0.53, which was consistent with previous values in adults. [4] [5] [6] [10] [11] [12] [13] [14] [15] [16] Table 5 lists the results found when using various versions of the SpHb sensor in adults. In our study, 73.1% of the absolute differences between paired measurements of SpHb and tHb were ≤1.5 g/dL (Table 2 ). Although this is higher than the 61% rate reported in adults, 5 clinicians should be cautious when using noninvasive measurements of SpHb for transfusion decisions in children.
For comparing the correlation coefficients from other studies, the version of sensor and the statistical method should be identified. Because the data were usually measured at multiple occasions in the same patient, some of the data already have a close relationship to each other. Therefore, we considered the multiple repeated measurements from individuals by using the modified BlandAltman method and mixed-effect model.
Our study used a 4-quadrant plot analysis to assess trends, concordance, and direction of change because an accurate monitoring of changes in hemoglobin concentration is important during a prolonged surgery. It is also crucial for clinicians to promptly determine the effect of volume resuscitation. Because the data points at the center of the 4-quadrant plot correspond to small changes in hemoglobin and do not reflect trending ability, an exclusion zone has been developed to eliminate the less predictive data points that lie near the center of the plot. 17 Because guidance on suitable exclusion zones is currently lacking in the literature, we used an exclusion zone of 1 g/dL hemoglobin based on a previous Pulse CO-Oximeter study. 9 The 4-quadrant plot in our study indicated a 93% concordance rate for overall sequential changes and 94.4% for changes after volume resuscitation, which is considered acceptably reliable in terms of trending ability. 17 Because acute volume resuscitation-induced hemoglobin changes often occur during surgery, we wondered whether it would influence the accuracy of SpHb measurements. Therefore, we performed a subgroup analysis of SpHb measured after rapid volume resuscitation ( Table 3) . The bias and SD immediately after volume resuscitation were not different from those before colloid or RBC administration.
Our data suggest that the tHb value can influence the accuracy of SpHb. The amount of excess of SpHb over tHb had a tendency to decrease in proportion to increasing tHb level, which was a similar pattern to that reported in adults. 5, 16 Because the bias was defined as a subtraction tHb from SpHb, the bias is negative when SpHb is lower than tHb. The bias was changed toward a negative value when tHb was increased in Miller et al.'s study. 5 Applegate et al. also revealed that the SpHb tended to be higher than the tHb as tHb value was decreased. 16 In our study, the overall bias (0.90 g/dL) changed to -0.03 g/dL when only the tHb data values of >11 g/dL were included for analysis. In other words, SpHb may provide a falsely high level when tHb is low. Therefore, additional confirmation of tHb may be necessary when SpHb decreases below 9 g/dL or in the context of transfusion decision-making.
A limitation of this study was that the data were not obtained in critically ill patients with poor peripheral perfusion or extremely low hemoglobin (tHb <7 g/dL) levels. Thus our findings are not applicable to patients with sepsis or previous massive bleeding with severe anemia.
In conclusion, the Radical-7 Pulse CO-Oximeter can be useful as a trend monitor in children during surgery even immediately after intravascular volume expanders are administered. However, it is advisable to confirm the baseline hemoglobin level from blood samples and to consider the influence of tHb level on the bias. One should be cautious with regard to using SpHb alone when making transfusion decisions. E 
